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LipaseThermostable microbial lipases are potential candidates for industrial applications such as specialty
organic syntheses as well as hydrolysis of fats and oils. In this work, basic biochemical engineering tools
were applied to enhance the production of BTL2 lipase cloned in Escherichia coli BL321 under control of
the strong temperature-inducible kPL promoter. Initially, surface response analysis was used to assess the
inﬂuence of growth and induction temperatures on enzyme production, in ﬂask experiments. The results
showed that temperatures of 30 and 45 C were the most suitable for growth and induction, respectively,
and led to an enzyme speciﬁc activity of 706,000 U/gDCW. The most promising induction conditions pre-
viously identiﬁed were validated in fed-batch cultivation, carried out in a 2 L bioreactor. Speciﬁc enzyme
activity reached 770,000 U/gDCW, corresponding to 13,000 U/L of culture medium and a lipase protein
concentration of 10.8 g/L. This superior performance on enzyme production was a consequence of the
improved response of kPL promoter triggered by the high induction temperature applied (45 C). These
results point out to the importance of taking into account protein structure and stability to adequately
design the recombinant protein production strategy for thermally induced promoters.
 2013 Elsevier Inc. All rights reserved.Introduction The thermophile Geobacillus thermocatenulatus produces twoEnzymes play an important role in the development of environ-
mentally friendly, low energy demanding industrial processes [1–
3]. However, the widespread incorporation of enzymatic routes
relies on the availability of highly stable biocatalysts, at reduced
cost [4,5]. Lipases (triacylglycerol acyl hydrolases, EC.3.1.1.3) can
be used in several industrial reactions such as interesteriﬁcation,
esteriﬁcation and alcoholysis [6]. These enzymes hydrolyze triglyc-
erides to diglycerides, monoglycerides, fatty acids and glycerol and
also catalyze synthesis of the esters formed from glycerol and long
chain fatty acids [7]. This versatility makes lipases the enzymes of
choice for applications in the food, detergent, pharmaceutical,
leather, textile, cosmetic and paper industries [8].
Despite the advantages of lipase catalyzed conversions, its
industrial application is still limited due to the high cost of the bio-
catalyst and prolonged reaction time [9]. Cloning and expression of
a selected lipase gene in high-throughput host organisms is an
effective approach to reduce the cost associated to its production
[9,10]. The low reaction rate can be overcome by cloning a thermo-
stable lipase, which will enable bioconversions at higher tempera-
tures, leading to shorter reaction time.different-sized lipases (BTL1 and BTL2) which are stable at high
temperatures (50 C) and alkaline pH (pH 9-11). The BTL2 lipase
gene has been cloned and expressed in Escherichia coli using the
plasmid pCYTEXP1 under the control of the temperature-inducible
kPL promoter and high levels of intracellular BTL2 lipase expression
(180,000 U/gDCW) were obtained in bioreactor cultivation [11].
Due to the high optimum temperature (50 C) and thermal stability
of BTL2 lipase, the temperature-inducible kPL promoter is an excel-
lent choice for the expression of this enzyme in E. coli [11].
Protein production in this system is inﬂuenced by both growth
temperature and induction temperature. The cI857 repressor starts
to denature at 35 C [12,47,48] and detaches from the promoter,
allowing gene transcription to proceed. The temperature-inducible
kPL promoter has been widely employed with prokaryotic cells,
providing an alternative for the production of recombinant
proteins that is cheaper and cleaner than the use of chemically-
regulated promoters [12]. Besides enzymes such as lipase, b-galac-
tosidase [13] and adenalyte kinase [14], human growth hormone
[15,16] and human interferon [17] are among other heterologous
proteins currently produced in E. coli using kPL promoter. Tim-
ing of induction, heat shock temperature, temperature up-shift
proﬁle, post-induction temperature and the speciﬁc growth rate
before or after induction are usually pointed out as the most
important variables for optimizing this expression system
[12,17,18].
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thermal induction is carried out by increasing the temperature to
a value between 37 and 42 C for a certain period and then, shifting
it down [12,15,17,19–21]. This shift-up/shift-down strategy aims
to minimize the adverse effects of high temperature, such as met-
abolic stress due to the heterologous protein production, formation
of inclusion bodies, acetic acid overproduction, decreased growth
rate, plasmide instability, lower viability and enhanced proteolytic
activity [16,18,22]. However, another important reason for adopt-
ing this strategy is the thermal liability of the foreign protein itself,
which makes thermal induction product dependent [16,17,23].
Studies aiming at the selection of cultivation conditions that
optimize protein production based on kPL promoter are usually
carried out as shake ﬂask experiments [16,24]. The deﬁcient oxy-
gen transfer, which is a characteristic of this cultivation environ-
ment, can aggravate some problems already mentioned, namely
acetic acid accumulation and decreased growth rate, affecting the
production of the desired protein. Hence, validation of key condi-
tions for protein synthesis in thermal inducible expression systems
using well controlled bioreactors is a very important stage in pro-
cess development. Besides the work carried out by Rua et al. [11]
few additional studies comprising batch and fed-batch cultures
of E. coli transformed with kPL promoter have been reported
[13,15,17]. However, in most of these studies, induction strategy
had to cope with the poor thermal stability of the recombinant
protein, limiting the temperature increase to 42 C for short peri-
ods [15–17].
The main objective of this work was to identify and scale-up
cultivation and induction strategies better suited to the production
of a thermostable enzyme in E. coli under control of the strong tem-
perature-inducible kPL promoter.Materials and methods
Materials
Recombinant cells of E. coli BL321 carrying the PCYTEXP1 plas-
mid containing the BTL2 gene from G. thermocatenulatus [11] was
donated by the Laboratory of Biocatalysis (ICP-CSIC, Madrid,
Spain). Nitrophenylpalmitate (p-NPP) was obtained from Sigma.
Ampicillin was donated by Prodotti (Brazil). Nutrients and other
reagents were purchased from traditional suppliers.Analytical methods
Cell concentration
For bioreactor cultures, cell concentration was assessed by cul-
ture broth optical density (OD) measurements (k = 600 nm), dry
cell weight (gDCW/L) determinations and viable cell counts
(c.f.u./mL), as well as by on-line recording of broth permittivity
data (pF/cm) provided by a biomass sensor [34]. Permittivity data
reﬂect the polarization of cell membrane when submitted to low
radio frequencies (0.1–10 MHz) and it is directly proportional to
the viable cell concentration [42,43]. For the shake ﬂask experi-
ments, cell concentration (CX) was related to optical density data
by Eq. (1):
CXðgDCW=LÞ ¼ 0:51 0:01  OD600nm ð1ÞEnzyme activity and related variables
Samples were centrifuged at 14,000 g for 20 min at 4 C to har-
vest the cells, which were subsequently disrupted by sonication
using three one-minute pulses (8–10 watts, 20 mHz), with an
interval of 20 s. After further centrifugation, the supernatant wasremoved, treated with 0.02% (w/v) sodium azide and stored at
4 C prior to the enzymatic activity analyses.
Enzymatic activity (EA) was measured with p-NPP as substrate,
according to the procedure proposed by Schmidt-Dannert et al.
[25]. One unit of activity was deﬁned as the amount of enzyme that
caused the release of 1 lmol of p-nitrophenol per minute under
the tested conditions [26]. The volumetric enzyme activity (EA)
was assessed by Eq. (2):
EAðU=mLÞ ¼ slopeV reaction  treaction
e  V lysate  c ð2Þ
where slope: enzymatic activity determination (abs/s); Vreaction:
reaction volume (L); treaction: reaction time (60 s); Vlysate: volume
of lysate sample used for activity determination; e: extinction coef-
ﬁcient (1.32  104 /M⁄ cm); c: path length (1 cm); EA: volumetric
enzyme activity (U/mL)
Besides the volumetric enzyme activity (Eq. (2)), the variables
speciﬁc enzyme activities and productivity were also estimated.
The speciﬁc enzyme activity regarding total protein content
(EAsp_Prot) was estimated as the quotient between the volumetric
enzyme activity (EA) and the total concentration of soluble protein
(Csol_prot, in mg/mL) present in the lysate (Eq. (3)), which was mea-
sured by Bradford method [27]. The enzyme activity speciﬁc to the
cell mass was taken as the ratio between the volumetric enzyme
activity (EA) and the corresponding biomass concentration (CX_-
sonic, in gDCW/L) of the disrupted cell suspension (Eq. (4)). Biomass
concentration of the cultivation broth (CX, in gDCW/L) and the cor-
responding speciﬁc enzyme activity from Eq. (4) were combined in
Eq. (5) to calculate enzyme productivity (Prenz, in U/L⁄h), where 4t
refers to the elapsed cultivation time.
EAsp Prot ¼ EACsol prot ð3Þ
EAsp Biom ¼ EA  1000CX sonic ð4Þ
Prenz ¼ EAsp Biom  CXDt ð5Þ
Protein expression level was followed by SDS–PAGE analysis
[28] and the concentration of lipase protein present in the total sol-
uble protein was estimated by densitometry using the software
ImageJ [29].
Organic acid (lactic, acetic, and formic) concentrations
The concentrations of organic acids were determined by HPLC,
with UV detection at 210 nm. The stationary phase was an Aminex
HPX-87H column (maintained at 50 C) and the mobile phase was
5 mM sulfuric acid, at a ﬂow rate of 0.6 mL/min.
Experimental procedures
Experimental design
The ﬁrst set of experiments focused on assessing the inﬂuence
of the factors growth and induction temperature on ﬁve selected
response variables, namely: biomass concentration (Eq. (1)), en-
zyme activity (Eq. (2)), speciﬁc enzymatic activities (Eqs. (3) and
(4)) and enzyme productivity (Eq. (5)). This study was planned
and performed as a CCRD – Central Composite Rotatable Design
[30] at two levels, resulting in eleven experiments: four factorial
runs, four axial runs and a triplicate in the central point (Table 3).
The real values and corresponding coded levels chosen for each
factor are shown in Table 1. Conditions described in the literature
for BTL2 lipase production in E. coli BL321 [11] were used as central
Table 2
Values of the parameters lSET, YX/S and m used for setting up the exponential feeding
ﬂow rate (Eq. (6)).
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sponse surface plots [30] were generated using Statistica 7.0
software.Parameters YX/S (gDCW/g) m (g/gh) lSET (h-1)
Before induction 0.3 1.0  10–3 0.13
After induction 0.4 1.2  10–1 0.05Shake ﬂask cultures
Experiments were carried out in 1 L ﬂasks containing 100 mL of
LB medium (10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl)
and 100 lg/mL of ampicillin, and incubated at 250 rpm using the
previously deﬁned temperatures (Tables 1 and 3). Once the culture
reached an OD between 0.4 and 0.6, induction was performed by
transferring it to another incubator where the temperature was
previously set to the desired value (Tables 1 and 3) for activation
of the kPL promoter. The thermal induction initiated BTL2 lipase
expression, which was then followed for a further 12 h.Bioreactor culture
The same procedure described previously for the shake ﬂask
cultures was also employed to start the bioreactor experiment.
The inoculum was grown in a 1 L ﬂask with 100 mL of modiﬁed
LB medium containing 5 g/L NaCl, 10 g/L Bacto yeast extract,
10 g/L Bacto tryptone, 10 g/L glucose, 10 mM MgSO4 and 40 mM
K2HPO4 [31], together with 100 lg/mL of ampicillin. At the desired
OD, the inoculum was transferred to the 2 L Aplikon bioreactor
containing 1.35 L of the same modiﬁed LB medium. The bioreactor
was monitored using SuperSys_HCDCR [32–34]. The cultivation
temperature was kept at 30 C until the induction phase, when it
was raised to 45 C. The pH was maintained at 7.0 by addition of
NH4OH. The dissolved oxygen concentration was maintained at
30% of saturation by automatically changing both agitation speed
(between 200 and 600 rpm) and the composition of the gas stream
supplied to the bioreactor (by mixing pure oxygen with air). The
total inlet gas ﬂow rate was maintained at 3 L/min using two
mass ﬂow controllers. The broth permittivity was monitored using
a biomass sensor (Fogale Nanotech) [33,34].
Once glucose was exhausted, fed-batch operation was initiated
by supplying the feeding medium (240 g/L glucose, 5 g/L NaCl,
10 g/L Bacto yeast extract, 10 g/L Bacto tryptone, 20 g/L MgSO4
and 6.97 g/L K2HPO4) according to Eq. (6) [35].
F ¼ ðlSET
YX=S
þmÞ  CX0  V0
CSF
 eðlSET ðttbatchÞÞ ð6Þ
where F is the feed ﬂow rate (L/h) of fresh medium, lSET the preset
speciﬁc growth rate (h1), YX/S the biomass/substrate yield (gDCW/
g), m the maintenance coefﬁcient (gDCW/gh), CX0 the cellular con-
centration in the start of the feeding (gDCW/L), V0 the volume in the
start of the feeding (L), CSF the substrate concentration in the feed-
ing solution (g/L), t the elapsed cultivation time (h) and tbatch the
time when feeding started. The parameters YX/S and m were esti-
mated from previous batch experiment data and are included at Ta-
ble 2, together with the chosen lSET. As can be seen from Table 2,
the fed-batch operation had to be split into two phases (before
and after induction) due to the strong inﬂuence on cell growth of
the temperature increase to 45 C.Table 1
Levels of the factors employed in the central composite design to study BTL2 lipase
production in E. coli BL321.
Variables Levels
1.41 1 0 +1 +1.41
Growth temperature (C) 25.7 27 30 33 34.2
Induction temperature (C) 37.7 39 42 45 46.2Results
The expression system based on the temperature-inducible kPL
promoter is the second most commonly used cloning strategy
employing E. coli [36]. In this type of expression system, the heat-
ing strategy is critical for optimization of protein production be-
cause it affects both growth and protein synthesis, but also will
depend on the type of heterologous protein expressed [12]. The
experimental approach employed in this work comprised two
steps. First, preliminary shake ﬂask runs performed accordingly
to an experimental design methodology and followed by response
surface analysis were used to identify the optimal ranges for
growth and induction temperatures that maximize the selected re-
sponses (Eqs. (1–5)). Next, the optimized conditions were vali-
dated in a fed-batch bioreactor culture.Study of growth and thermal induction temperatures in shake ﬂask
experiments by CCRD
A central composite design comprising eleven runs was per-
formed to study the effect of growth and induction temperatures
on the growth and synthesis of BTL2 lipase (Table 3). The values
of all responses listed at Table 3 were obtained at a ﬁxed cultiva-
tion time of 12 h, corresponding to 8 h of induction. This choice
was based on the enzyme activity proﬁles, which showed steepest
increasing trends within this period.
Considering that all cultures were induced at CX = 0.3, Table 3
shows that growth during induction phase took place in all studied
conditions. Even for the highest induction temperature studied
(46.2 C, run 8), cell concentration almost doubled within the
induction period. Concerning enzyme production, the four related
responses are at their highest values for run 3, which was carried
out at 27 C (Tgrowth) and 45 C (Tinduction). Fairly high EAsp_Prot val-
ues were also observed at run 8, where induction was carried out
by raising the temperature from 30 to 46.2 C. Table 3 shows
clearly that the results for enzyme production of both runs 3 and
8 are far superior than those achieved at the most commonly used
induction strategy (central point experiments 9–11). The stress
associated to protein expression, rather than the temperature va-
lue, seems to be the major factor affecting growth during induc-
tion. The highest biomass formation was observed at run 7,
which corresponded to the one of the worst conditions for protein
production (Table 3). On the other hand, the poorest growth was
observed for run 3, although for run 4, also carried out at
Tinduction = 45 C, a three times increase in biomass formation was
attained.
More valuable information can be extract from the experimen-
tal data presented in Table 3 by applying the surface response anal-
ysis methodology [30]. Reﬁned multivariable correlations were
obtained for the responses biomass formation (Eq. (7)), lipase
activity (Eq. (8)), speciﬁc enzyme activity (Eqs. (9) and (10)) and
productivity (Eq. (11)), after eliminating the non-signiﬁcant terms
(p-value higher than 0.1) in the full regression polynomials gener-
ated by carrying out regression analysis as well as ANOVA again.
The reﬁned models (Eqs. (7–11)) based on growth and induction
temperatures (coded levels) are statistically signiﬁcant at 90% con-
ﬁdence level.
Table 3
Factors and responses for the experimental design. Cx – biomass concentration (Eq. (1)); EA – volumetric enzyme activity (Eq. (2)); EAsp_Prot and EAsp_Biom – enzyme activity per
mg of total soluble protein or gDCW of biomass (Eqs. (3) and (4)); Prenz. – enzyme productivity (Eq. (5)).
Run Factors Response variables
Tgrowth (C) Tinduction (C) Cx (gDCW/L) EA (U/mL) EAsp_Prot (U/mg prot) EAsp_Biom (U/gDCW)  10–3 Prenz (U/Lh)
1 27 39 0.80 3 9 9.00 625
2 33 39 0.60 14 44 58.0 2917
3 27 45 0.50 145 275 725 30208
4 33 45 1.00 81 167 204 16988
5 25.7 42 0.65 51 91 196 10604
6 34.2 42 1.00 50 160 125 10376
7 30 37.8 1.05 4 11 8.00 731
8 30 46.2 0.61 83 228 343 17266
9 30 42 0.75 37 120 124 7719
10 30 42 0.76 34 102 111 7031
11 30 42 0.75 38 108 126 7898
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 0:06Þ  x1  x2 ð7Þ
EA ðU=mLÞ ¼ ð49 6Þ þ ð40 7Þ  x2  ð19 9Þ  x1  x2 ð8Þ
EAsp Biom ðU=gDCWÞ ¼ ð18E4 3E4Þ  ð7E4 3E4Þ  x1
þ 17E4 3E4Þ  x2  ð14E4 5E4Þ  x1  x2ð
ð9Þ
EAsp Prot ðU=mg protÞ ¼ ð119 8Þ þ ð87 9Þ  x2  ð36
 13Þ  x1  x2 ð10ÞTable 4
Regression analysis for the correlations described by Eqs. (7–11). All ANOVA carried
out at conﬁdence interval of 90% (p-value = 0.1). Cx (gDCW/L) – biomass concentra-
tion; EA (U/mL) – volumetric enzyme activity; EAsp_Prot (U/mg prot) and EAsp_Biom (U/
gDCW) – enzyme activity per mg of total soluble protein or g of biomass; Prod. (U/
L⁄h) – productivity; R2 – coefﬁcient of determination. Fcalc – calculated F values
(quotient between the regression related man square terms and the error related
mean square terms) [30]; Ftab – tabelled critical values of F distribution [30].
Response Equation R2 Fcalc Ftab Fcalc/Ftab
CX 7 0.61 6.3 3.10 2.0
EA 8 0.83 19.03 3.10 6.1
EAsp_Prot 9 0.93 51.99 3.10 16.8
EAsp_Biom 10 0.84 12.06 3.07 3.9
Prenz 11 0.83 19.06 3.10 6.1
Fig. 1. Response surfaces generated from Eqs. (7–11) describing the variations of spec
temperatures.Prenz ðU=L  hÞ ¼ ð10E3 1E3Þ þ ð8E3 1E3Þ  x2  ð4E3
 2E3Þ  x1  x2 ð11Þ
The analysis of the coefﬁcients of the empirical models shows
that the factor Tinduction (x2) exerted the most signiﬁcant positive
main effects over all responses related to enzyme expression
(Eqs. (8–12)). Eqs. (8), (10) and (11) contain the same terms and
predict enzyme activity and productivity as function of induction
temperature (main effect) and its interaction with growth temper-
ature. The negative contribution of the interaction term (x1 * x2) in
Eqs. (8–11) arises from the inﬂuence of higher values of Tgrowth,
which affects enzyme production due to the reduction in the heat
shock effect (4T = TinductionTgrowth). The factor Tgrowth (x1) is pres-
ent as main effect only when the response is the biomass concen-
tration (Eq. (7)) or is inﬂuenced directly by it (Eq. (9)).
Full regression analysis data are provided in Table 4, displaying
Fcalc values signiﬁcantly higher than the tabled F value for Eqs. (8–
11). The values for the coefﬁcient of determination (r2), of around
0.9, conﬁrmed that Eqs. (8–11) provided a close representation of
the effects of growth and induction temperatures on responses re-
lated to enzyme production. Thus, these equations could be further
used to generate response surface plots (Fig. 1). For the response CX
(Eq. (7)), the ﬁtting of the empirical expression to the experimental
results from runs 1 to 11 was poorer (Table 4). The response sur-
face methodology applied here and elsewhere [30] is based on
empirical models correlating the responses with the selected fac-
tors (independent variables). For biomass formation (Eq. (7)) thisiﬁc enzyme activity (a) and productivity (b) as function of induction and growth
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studied responses (Eqs. (8–11)) because, although Tgrowth and
Tinduction inﬂuence the growth rate, it is also inﬂuenced by other
factors, such as pH decrease and acetic acid accumulation, which
changed from one experimental condition to another during shake
ﬂask cultures.
Optimized growth and temperature ranges can be identiﬁed
from analysis of the graphical representations of Eqs. (8–11). From
the response surface depicted in Fig. 1(a), speciﬁc enzyme activi-
ties superior to 1,000,000 U/gDCW are expected for Tgrowth below
29 C and Tinduction over 44 C. Similarly, the analysis of Fig. 1(b)
productivities of 35,000 U/Lh or more are predicted for growth
temperatures lower than 30 C and induction temperatures higher
than 45 C. Since Eqs. (8), (10) and (11) have the same terms, the
optimum region identiﬁed at Fig. 1(b) is also valid for Eqs. (8)
and (10), and volumetric enzyme activities and speciﬁc activities
over 150 U/mL and 400 U/mg prot, respectively, are predicted for
Tgrowth below 30 C and Tinduction over 45 C.0 2 4 6 8 10 12 14 16
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Table 5
Biomass formation and protein expression under the control of kPL promoter for E. coli bioreactor cultures. Tgr – temperature during growth phase; Tind – temperatures during
induction phase; tshift - duration of high temperature shift; CX – biomass concentration; f – Expression level; Cprotein – maximum protein concentration; Yield – maximum protein
yield per cell weight; Pr – maximum productivity.
Tgr (C) Tind (C) (tshift) Cx (gDCW/L) f (%) Cprotein (g/L) Yield (g protein/gDCW) Pr (g/Lh) Protein Ref.
30 42/37 (20 min) 100 25 2.7 0.027a 0.068a Human growth hormone (22 kDa) [20]
30 42/37 (20 min) 0.2 gDNA/L 13 2.1 10.5a gprotein/gDNA 0.075a Human growth hormone (22 kDa) [21]
30 41 (6 h) 13.0 (A600 nm) 16.2 0.042 3.9 lg/mL/A600 NR Human growth (22 kDa) [22]
30 37 (6 h) 35.3 (A600 nm) NR 0.035a 1 lg/mL/A600 0.0017a Human growth hormone (22 kDa) [45]
30 42/37 (15 min) 26 40 5.2 0.2a 0.26a Interferon-a 2 (40 kDa) [23]
35 42 (5 h) 21.8 7.9 1 0.05a 0.0625a Porcine Adenylate kinase (25 kDa) [19]
30 42 (9 h) 3.3 NR NR 180,000 U/gDCW NR BTL2 lipase (43 kDa) [15]
30 45 (12 h) 18 24.4 10.8 0.6 (770,000 U/gDCW) 0.38 BTL2 Lipase (43 kDa) This work
a Estimated from reported data
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induction as long as the recombinant protein does not denature.
Based on the surface analyses and the earlier results,
Tgrowth = 30 C and Tinduction = 45 C were chosen as the tempera-
tures used in the validation experiment carried out as bioreactor
fed-batch culture. Although lower growth temperatures could fa-
vor protein expression by increasing the temperature shift effect
at Tinduction = 45 C (runs 3 and 4, Table 3), they severely affected
cell growth rates (runs 1, 3 and 5, Table 3). Thus, Tgrowth = 30 C
poses a good choice to boost growth rate and still preserving en-
hanced protein synthesis. Similarly, Tinduction was set to 45 C be-
cause at 46.2 C both lipase synthesis (run 8, Table 3) as well as
biomass formation (Fig. 1) was reduced.
Growth and BTL2 lipase production in fed-batch bioreactor cultivation
The standard protocols [39–41] for fed-batch E. coli cultures
were applied to scale-up the selected induction strategy. However,
considering the induction temperature (45 C) to be tested, our
experimental approach focused on providing the most suitable cul-
tivation conditions to assess the inﬂuence of such a high tempera-
ture on biomass formation, cell viability and protein production.
This approach was implemented by carrying out the inductionphase at moderate biomass concentrations, free from any bias
caused by the usual difﬁculties to maintain oxygen and substrate
supplies during a high cell density culture [34,41,42].
Fig. 2 shows the main results achieved by applying this cultiva-
tion strategy. As displayed at Fig. 2(a), after an initial batch phase
lasting 6 h, the supplementary feed was started, under the condi-
tions described in Table 2, and followed the exponential proﬁle de-
scribed by Eq. (6). The initial biomass formation phase lasted about
16 h of exponential growth, when Cx reached 13 gDCW/L and
induction was triggered by raising the temperature from 30 to
45 C.
The dual feeding strategy employed enabled biomass formation,
without either glucose accumulation or inhibitory metabolite for-
mation during both growth and induction phases. As seen in
Fig. 2(a), even the acetic acid accumulated (2.7 g/L) up to the
end of the batch phase was quickly consumed when glucose was
depleted. Similarly, concentrations of lactic and formic acids only
increased to maxima of 0.5 and 1.2 g/L during the cultivation
(data not shown). Growth was observed during the ﬁrst 9 h of
induction phase and biomass concentration increased from 13 to
18 gDCW/L.
As expected, the on-line permittivity data closely matched bio-
mass formation during the initial growth phase at 30 C (Fig. 2b).
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mittivity signal dropped rapidly from 1.5 to 0.4 pF/cm. The capac-
itance sensor measures the dielectric permittivity produced by a
polarized cell membrane when it is subjected to low radio frequen-
cies. Since this only occurs for viable cells [43], the permittivity
data registered the decrease of viable cell concentration after tem-
perature shift, as also shown by the c.f.u. counts. The viability loss
reproduced by the on-line permittivity data reﬂects the response of
cell physiology towards both temperature shift and stress caused
by protein synthesis, since all remaining cultivation conditions
such as pH, dissolved oxygen concentration and residual glucose
concentration were kept at the desired levels.
Six hours after the onset of induction, both viable cell counts
and the permittivity signal started to gradually increase, probably
due to the protective effect of heat shock proteins produced by
E. coli [12,44]. As stated above, the on-line measurements provided
by the biomass sensor (Fig. 2b) indicate that cell viability under-
goes signiﬁcant changes throughout the induction phase. This
information is crucial to correctly set up the feeding strategy and
must be incorporated into Eq. (6) by the computer-based supervi-
sory system [34].
The strategy was also effective to assess enzyme production.
Fig. 3 shows the increasing intracellular accumulation of a
40 kDa protein, which is the size of recombinant lipase [15]. A
similar increasing pattern is seen in Fig. 2(a) for speciﬁc enzyme
activity, leading to an enzyme expression of 770,000 U/gDCW after
10 h of induction. This value is similar to the one achieved in
shake ﬂask experiments for run 3.
Fig. 3 also allows a comparison among the inﬂuence of different
induction strategies on lipase expression. Gels of cell lysates from
shake ﬂask experiments carried out at optimized induction condi-
tion (run 3) exhibited thicker bands throughout the induction per-
iod than the ones produced with cell lysates cultivated under the
conventional induction strategy (runs 9–11, Table 3). The same
pattern of strong induction observed for run 3 was conﬁrmed for
the samples collected from bioreactor culture carried out with sim-
ilar induction conditions.
Figs. 2(a) and 3 emphasize the remarkable thermal stability of
lipase structure, which stood up to 12 h of induction at 45 C with-
out denaturation. This stability can be explained by the catalytic
machinery of thermoalkalophilic lipases, which is formed by the
catalytic triad and the oxyanion hole. The catalytic serine in the
Ala-X-Ser-X-Gly motif is a characteristic of the thermoalkalophilic
lipases, whereas the Gly-X-Ser-XGly appears as motif of most li-
pases and serine proteases [45]. At low temperatures, the rigidity
in the catalytic triad region prohibits the enzyme activity because
a certain ﬂexibility in the active site is required for an efﬁcient
catalysis, which is provided by a temperature increase [46].
Discussion and conclusion
The production of recombinant proteins using kPL promoter is a
powerful strategy for reducing costs, improving product quality
and replacing promoters based on chemical induction [36].
Although many investigations have addressed the use of the kPL
promoter, most have focused on cloning and producing rather lia-
ble proteins, which constrained the temperature shift required for
induction. Hence, the potential of this expression system only can
be fully explored when it is applied for the production of proteins
featuring thermal stability. The kPL promoter is not repressed at
42 C, the conventional induction temperature, initializing the
gene transcription. However, the value of the temperature up-shift
strongly affects the decoupling rate of the repressor molecule. The
cI857 repressor starts to denature at 35 C [12,47,48] and detaches
from the promoter, allowing gene transcription to proceed. The
efﬁciency of repressor-promoter decoupling, believed to increasegene transcription and thus protein synthesis, can be studied by
varying the heat shock caused by the temperature difference
(DT). Different DT values may, for instance, show whether there
is a correlation between greater temperature differences and faster
repressor detachment, which in principle should increase protein
synthesis. In addition, the growth phase temperature must be kept
low enough to avoid early protein expression, which would ham-
per biomass formation due to the metabolic burden associated
with protein synthesis [12].
Table 5 shows the impact of a more aggressive induction strat-
egy on important bioprocess performance indexes, such as product
concentration and productivity. It gathers the main results
achieved in this work and from recent reports on bioreactor cul-
tures of E. coli transformed with kPL promoter. Except for the pres-
ent study, the thermal induction of recombinant protein was
carried out at temperatures not higher than 42 C, for periods last-
ing less than 20 min [15,17] or 5–9 h [11,14,16,38].
Concerning biomass formation, it varied mostly in the range of
3 to 20 gDCW/L. High biomass concentration (100 gDCW/L) was
attained for human growth hormone production [15] using a short
shift-up to 42 C, followed by a temperature decrease to 37 C. The
high biomass accumulation resulted in good product concentration
(2.7 g/L) despite the low protein yield (0.027 g/gDCW) due to the
quick induction. The highest values of protein concentration, yield
and productivity were reported for interferon production [17],
which also exhibited the highest expression level (40%). Although
the cultivation strategy chosen for the present work did not prior-
itize biomass build-up, it was superior regarding product concen-
tration and productivity as consequence of improved protein
yield (0.6 g/gDCW) achieved at the optimized induction conditions.
The BTL2 lipase production achieved in this work can be further
compared to the bioreactor culture performed by Rua et al. [11],
expressing BTL2 lipase at 42 C as the induction temperature. The
reported speciﬁc enzyme production (176,667 U/gDCW) was simi-
lar to the value of the central point triplicate (Table 3, runs 9–11),
but four times lower than the bioreactor enzyme speciﬁc activity
obtained with the optimized induction temperature (45 C) and
enhanced feed supply.
In summary, the present work proposes a novel approach to
boost the production of thermostable proteins in recombinant
E. coli, with the kPL promoter. The selected induction strategy
was further scaled-up and validated in a fed-batch bioreactor cul-
ture with two exponential feeding phases. This resulted in an en-
zyme speciﬁc activity of 770,000 U/gDCW and a concentration of
13,800,000 U/L. Several industrially relevant enzymes, including li-
pases, amylases, cellulases and pectinases, are thermostable and
therefore are excellent candidates for expression in recombinant
organisms under the control of the temperature-inducible kPL pro-
moter by the revised strategy developed in this work.
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